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57 . ABSTRACT 
The present invention relates to methods of accelerated 
curing of condensation polymers or inducing cross-link 
ing of polymers by a direct current corona or glow 
discharge applied to the polymer bulk. The methods 
permit low temperature removal of volatile components 
from a material without inducing a chemical reaction or 
local heating. These methods have been employed to 
prepare fracture-free polysiloxane films up to 100 um in 
thickness with curing time reduced by several orders of 
magnitude. A variety of metal ions, non-linear optical 
molecules or laser dyes may be incorporated in the 
films. The surface hydrophilicity of films may also be 
modified by this treatment. Additionally, an electrically 
conductive surface layer has been produced by incorpo 
ration of an appropriate dopant. Multilayered optical 
waveguide or lasing structures may be produced by this 
technique by successive deposition of spun films and 
curing. 
12 Claims, 7 Drawing Sheets 
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1. 
ELECTRIC FELD CURING OF POLYMERS 
This application is a continuation-in-part application 
of U.S. Ser. No. 07/707,140, filed May 29, 1991, now 
U.S. Pat. No. 5,272,240. 
BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The invention relates generally to methods of accel 
erated curing of condensation polymers or crosslinking 
of polymers by a direct current glow discharge formed 
over the polymer bulk. The invention includes methods 
of forming hydrophilic surfaces, conductive layers on 
polymer surfaces and rapid, low temperature removal 
of solvent from a polymerizing matrix. The invention 
provides an efficient method of crosslinking and drying 
polymeric compositions. 
2. Description of Related Art 
Sol-gel techniques have been extensively investigated 
for more than two decades (Gottardi, 1982) and used to 
prepare glasses and ceramics for use in a wide variety of 
applications, employing various precursors, catalysts, 
additives and procedures. 
Following the partial or complete hydrolysis of the 
silicon-alkoxide precursor, polycondensation of the 
hydroxyl groups takes place via the Si-O-Si etheric 
bonds. The glassy matrix formed by this polymerization 
is capable of encaging large molecules (e.g. chromo 
phores, enzymes) which have been introduced into the 
reaction mixture. However, during this stage of the 
sol-gel synthesis severe cracking and fragmentation of 
the formed glass are the common obstacles that impede 
the fabrication of articles and films in general, and sup 
ported films in particular. This is due to the extensive 
volume-contraction which accompanies the condensa 
tion reactions and the corresponding expulsion of the 
condensation reactions and the corresponding expulsion 
of the solvent and the condensation products. Many 
investigators have attempted to overcome this obstacle 
by using a wide variety of additives such as dimethyl 
formamide (DMF), formamide, organic acids or surfac 
tants. Even with these additives, however, an extremely 
slow and very cautious drying of the sol-gel glass is 
necessary for the survival of a fracture-free glass, mak 
ing this synthetic route more of an art than a science. 
Although crack-free glasses from sol-gels have been 
prepared, the procedures are time-consuming and often 
complex. Of particular concern from a practical aspect 
is the undue amount of time required in curing glass 
thin-films on supported matrices. It is not unusual to dry 
polysiloxane films for periods of weeks to assure a qual 
ity glass. Such films, depending on conditions of drying, 
additives and process modifications have required from 
6 to 45 days for complete drying to crack-free films 
(Hara, 1991). 
Methods of curing polymers typically have involved 
the use of heat, UV or ionizing radiation, or chemical 
modification methods. Surface treatment of plastic 
films, improving the wettability for example, has been 
performed employing alternating current (AC) corona 
discharge techniques. AC corona treatment also ap 
pears to lower heat-sealing temperatures for most poly 
mers and is often used to improve adhesion on automo 
tive top coats by transforming a nonpolar topcoat sur 
face into a polar adhesively suitable substrate for struc 
tural bonding. Effects of AC corona discharge treat 














or by contact with a metallic surface. Upon prolonged 
storage, slow migration of low molecular weight non 
polar species to the film surface and/or migration of 
polar species from the surface into the bulk are believed 
to cause gradual decay of corona-induced wettability 
properties (Wu, 1982). 
Electrolysis using direct current (DC) glow dis 
charge has been reviewed (Hickling, 1971). The method 
consists of placing an electrode above the surface of a 
liquid, usually an aqueous electrolytic solution, and the 
other electrode inside the bulk liquid. At sufficiently 
high current voltage, an electrical discharge is initiated 
creating free radicals or ionic species at the solution 
surface. In general there is little or no specificity in the 
ensuing electrochemical reactions. Moreover, the solu 
tions must be vigorously stirred in order to dissipate the 
heat generated in the reactions. 
SUMMARY OF THE INVENTION 
The present invention addresses one or more of the 
foregoing problems by providing methods of curing 
polymers using a direct current electric field. This 
method involves a corona or glow discharge induced 
field across the polymer bulk during the curing process. 
The inventors have discovered that this is a surprisingly 
rapid method of curing polymer films such as spin-cast 
polymethylsiloxane. Curing at room temperature has 
been accomplished in short periods, often as short as 
10-20 min for polymethylsiloxane glasses. Thin films up 
to 100 micrometers have been rapidly cured by this 
process. 
Glow discharge curing may be applied to virtually 
any condensation polymer or any polymer resulting 
from a condensation reaction in which crosslinking or 
completion of polymerization is required for curing. It 
is contemplated that appropriate polymers may include 
polyesters, phenol formaldehydes, melamine, formalde 
hydes or, in preferred practice, polyamic acid resins, 
polyoxysilanes or substituted polyoxysilanes such as 
polymethyl siloxane. Glow discharge curing is not lim 
ited to spun cast films but may be applied also to fibers 
or shaped articles. The method is especially useful for 
polymer films approximately 1-100 micrometers in 
thickness. 
Glow discharge is preferably conducted by setting up 
an induced electric field over the polymer surface. Typ 
ical conditions are about 3-12 megavolts applied at a 
sharp tip approximately 1-5 cm above the polymer 
surface with a current of 10–20 microamps, although 
this may vary depending on the polymer. The inventors 
have discovered that the electric current through the 
polymers, typically 10-20 microamps across thin film 
polymers prepared from substituted siloxane mono 
mers, is associated with this rapid curing procedure. 
Glow-induced sol-gel curing may result in the forma 
tion of a hydrophilic surface on the polymer film. With 
out application of glow discharge, polymer or sol-gel 
films allowed to cure thermally usually become hydro 
phobic. Hydrophobic films typically are manifested by 
contact angles which are as large as those observed on 
paraffin film. Hydrophobicity may cause poor adhesion 
of successively cast films. Glow discharge cured films 
do not have large contact angles, thus indicating a fair 
degree of hydrophilicity. Hydrophilicity of films cured 
by glow discharge is controlled by the mole ratio of 
water in the reaction mixture, by the amount of conden 
sate molecules removed by distillation before casting or 
by the current-voltage used for the curing. 
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Additionally, multilayered assemblies of hydrophilic 
sol-gel films may be prepared by glow discharge curing. 
Hydrophilic gel surfaces will stick together better than 
hydrophobic gel surfaces and are therefore useful for 
such applications as multilayer wave guides and surface 
lasers. 
The present invention addresses one or more of the 
foregoing or other problems by providing a method of 
preparing glass films which can be made as single or 
multiple layer thin films with a range of thicknesses. 
Thin films polymerized from metal alkoxide monomers 
are free of cracks and generally may be prepared in a 
few hours by curing at elevated temperatures. Alterna 
tively, curing of the polymer films may be accom 
plished in a period of minutes using a glow discharge 
technique during the curing process. Guest molecules, 
including laser dyes and donor-acceptor molecules, are 
readily incorporated into the glasses produced by meth 
ods in accordance with the invention. 
In one aspect, the invention is generally directed to a 
method of rapid preparation of crack-free glasses. A 
suitable metal alkoxide monomer is selected, polymer 
ized during a hydrolysis step and subsequently cured. 
The inventors have discovered that through use of 
various reaction conditions one can provide films hav 
ing desirable optical and/or mechanical properties. 
It will be appreciated that the hydrolysis and poly 
merization reactions are occurring at the same time 
within the solution although varying degrees of hydro 
lysis will precede certain stages of polymerization and 
crosslinking. In one embodiment of the invention, a 
substituted silane monomer in the presence of an appro 
priate amount of water is heated to a temperature of 
about 60°-90° C. A single phase is formed and after the 
formed alcohol has distilled off, a viscous solution is 
formed which is then cured. Curing is a process in 
which completion of crosslinking of the polymer within 
the gel occurs, adding to the rigidity and hardness of the 
gel. This commonly requires several hours to several 
days at room temperature depending on numerous fac 
tors such as thickness or MR. The time may be short 
ened considerably by curing, for example, at elevated 
temperatures. 
Glow discharge curing of polymer films may be car 
ried out at almost any desired temperature. For poly 
substituted siloxane films, this is usually at room temper 
ature, that is, about 20-25 C. Lower temperatures may 
be used, and lower limits are constrained only by the 
mobility of the water or other condensate within the 
matrix. Thus in particular cases, extremely low temper 
atures, e.g., -50° C. may be used to cure articles 
formed to extremely accurate dimensions for intended 
use at this temperature, e.g., space use. In other cases, 
elevated temperatures may be preferred, for example, to 
accelerate curing rates or to prepare articles in accurate 
dimensions for use at elevated temperatures. 
Curing of the hydrolyzed/polymerized metal alkox 
ide monomer may be carried out by allowing the poly 
merized solution to "air-cure' by standing at ambient or 
elevated temperature in an inert atmosphere, controlled 
humidity or at other than atmospheric pressure. By way 
of illustration, polymethylsiloxane gels are preferably 
cured at a temperature of about 60-70° C. under nor 
mal atmospheric conditions. 
The inventors have further demonstrated that this 
electric field curing (also referred to as "corona field 













linking between different polymers or the same polymer 
by enhancing a condensation reaction. 
In yet another aspect of the invention guest molecules 
are included in the polymer glass matrix. In particular, 
high concentrations of donor-acceptor molecules may 
be included in these matrices. Examples include com 
pounds such as p-nitroaniline, 4,4'-diamino diphenyl 
sulfone, 4,4'-aminonitroazodiphenyl, or 4,4'-dime 
thylamino nitrostilbene. Guest molecules may also in 
clude laser dyes, such as Rhodamine-6G, Pyridin-1, or 
Coumarin-153. Where high concentrations of guest 
molecules within the matrix are desired, certain modifi 
cations of the sol-gel polymerization process have been 
found desirable. Thus, it is preferred to slow down 
evaporation of the alcohol, for example methanol aris 
ing from hydrolysis of methoxyl groups, in the sol-gel 
until sufficient molecular weight and viscosity have 
been obtained. This may be conveniently carried out by 
conducting the first 5 min of polymerization in a sealed 
vial, opening the vial and monitoring methanol loss 
until approximately 350 milligrams per gram of mono 
mer is obtained. This compares with the regular process 
loss of 500 milligrams per gram of monomer. Limited 
loss of methanol with these types of guest molecules 
within the matrix has the effect of substantially reducing 
association of these molecules within the polymeriza 
tion solution. Consequently the formation of solid crys 
tallites and subsequently inhomogeneous film is pre 
vented. Other methods of slowing down or counteract 
ing fast evaporation of alcohol from the polymerization 
solution include adding less volatile solvents, miscible 
organic solvents such as ethanol, higher alcohols, aceto 
nitrile, or the like, or water inniscible organic solvents 
such as toluene. 
The invention also includes polymers produced by 
the aforementioned method of producing glass films. 
These are crack-free, optically clear polymers. These 
polymers are preferably polysiloxane or substituted 
polysiloxane polymers and will have hydrophobic or 
hydrophilic surfaces if air-dried or glow discharge 
cured respectively. 
Films prepared by the aforedescribed methods, par 
ticularly polymethylsiloxane and polysiloxane films, are 
useful as optically clear glasses or may be used as wave 
guides, particularly multilayered assemblies, for exam 
ple, by incorporating laser dyes into the monomer solu 
tions used for polymer preparation of an internal layer. 
Many uses of the fracture-free films are envisioned, 
including incorporation of molecules that can be revers 
ibly oriented by an applied electric field to produce a 
switchable non-linear optical device, optical wave 
guides, surface or amplification lasers produced by 
combining a waveguide structure with a laser dye in 
corporated in the appropriate layer, surface or amplifi 
cation laser with sensitizing dye on top and bottom 
layers of waveguide structure and lasing dye in the 
center layer, waveguide structure with incorporated 
dye to capture light and convert it to fluorescent wave 
length for edge sensitization of photovoltaic or photo 
galvanic cells, like the foregoing except applied to pho 
toresistor or phototransistors; with incorporation of 
appropriate phosphors or dyes, optical readout of elec 
tron beam or other radiation such as applied to CRT 
technology or spatial detection of x-rays or equivalent 
radiation, modifications of PMSO or equivalent con 
densation polymer film surfaces by simultaneous glow 
discharge curing and electrochemical polymerization of 
appropriate incorporated electropolorizable monomers, 
5,357,015 
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including conducting polymers, cladding of fibers, sur 
faces of other articles (formed, molded, spherical), opti 
cal data storage or readout, fluorescent or optical ab 
sorption based display or ornamentation application, 
enhanced visualization of radioactivity with incorpora- 5 
tion of appropriate phosphors or dyes, incorporation of 
biologically active species such as enzymes with or 
without absorption or emission of light. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 shows a typical set-up for hydrolyzing and 
polymerizing metal alkoxy monomers used to prepare 
glasses and thin films. 1 is a water bath at constant tem 
perature; 2 are hollow beads; 3 is a styrofoam bar; 4 is a 
magnetic stirring bar; 5 is a thermometer; 6 is a reactor 15 
(e.g., a 1 dram vial); 7 is a pressure regulator (e.g., a 
cup); and 8 is a viscosimeter (e.g., bubbles). 
FIG. 2 is a FTIR spectrum of sol-gel (MTMS) pre 
pared polymethylsiloxane thin-film on an aluminum 
support. 
FIG. 3 shows weight loss from a MTMS gel due to 
evaporation of methanol at 70-74 C. 
FIG. 4 is a schematic representation of the set-up 
used for glow discharge polymer films. 
FIG. 5 illustrates the electric field formed across 25 
insulating films. 
FIG. 6 is the 1780 cm-1 FTIR band from spectra of 
poled and unpoled polyimide samples normalized to the 
1500 cm phenyl peak as a function of temperature. 
FIG. 7 is a FTIR spectrum of a polyimide thin film 30 
crosslinked using a corona discharge. 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 
The present invention includes a rapid, single-step 35 
method of preparing what are commonly known as 
sol-gel glasses, supported films in particular. The inven 
tion is illustrated in detail with preparation of glasses 
prepared from alkoxysilane and alkylalkoxysilane mon 
omers and indicates variations which allow flexibility in 
achieving desired polymer properties, depending on the 
application. Especially desirable are fracture or crack 
free glasses that are rapidly prepared, some in a matter 
of minutes. 
Although the method may be varied, the inventors 
have shown that preparation of crack-free glasses from 
methyl alkoxysilane monomers depends on the mainte 
nance of a single phase during the hydrolysis/polymeri 
zation process. Thus the practitioner will usually mix a 
lower molar ratio of water to monomer, about 1.5:1, and 
then heat to about 80 C. This accelerates hydrolysis 
and polymerization, while assisting in maintaining a 
single phase reaction. 
The method produces alcohol from hydrolysis of the 
alkoxide group. Methoxyl groups are used because 
methanol is produced which is easily removed, readily 
distilling off at the temperatures employed for the reac 
tion. Removal of methanol maintains a low volume for 
the reaction, considered a factor in efficient polymeriza 
tion. At 80 C., a viscous one-phase polymer solution 
suitable for casting or forming is obtained after about 5 
min. At 70-72 C., the same viscous solution is ob 
tained after about 15 min. 
The composition of a methyltrimethoxysilane-water 
mixture at a given reaction time is dependent on the 65 
temperature. At high temperatures a smaller fraction of 
the completely hydrolyzed species is present. This com 









of the polymer formed, in turn leading to better quality 
cast films where curing takes place while the bulk poly 
mer retains some flexibility. 
As a general guideline, polymer solutions formed 
from methyltrialkoxysilane monomer are ready for cast 
ing into films after about 500 mg methanol per g of 
monomer has been removed from the solution. It is 
convenient to monitor methanol loss gravimetrically, 
although volumetric determinations or measurement of 
density changes in the solution would also be applica 
ble. 
Similar methods are applied in producing films from 
silane monomers. The hydride substituent of trialkox 
ysilane oxidizes so quickly when the monomer is mixed 
with water that certain precautions are taken to assure 
even polymerization and subsequent grainless, crack 
free glasses after drying. Trimethoxysilane is mixed 
with water at a MR of about 0.95 under an inert atmo 
sphere such as nitrogen, argon or helium. Any conve 
nient nonoxidizing atmosphere could be used which 
will prevent excessively rapid oxidation of the hydride. 
The condensation reaction is quite rapid, usually less 
than one minute at room temperature for trimethoxysil 
ane. The rate would likely be slowed somewhat at 
lower temperatures, although care should be taken to 
assure that the reaction mixture maintains a single 
phase. 
Glasses are generally formed after hydrolysis/polym 
erization followed by a curing process. Curing entails 
several reactions, usually some further polymerization 
and formation of crosslinks as well as additional hydro 
lysis by water produced from condensation reactions. 
For many siloxane glasses, particularly films, formed 
from alkoxy or alkylalkoxy monomers, curing at room 
temperature or elevated temperatures will provide satis 
factory crack-free films. The process is accelerated at 
the higher temperatures, and may require up to a few 
days at room temperature, depending on composition 
and thickness. Curing of polymethylsiloxane films at 70' 
C. takes about 2-3 hrs for films of 1-25 um thickness. 
Thermal curing is commonly used, but other methods 
could be employed including curing under reduced or 
increased pressure and varied humidity. 
Generally, polymers are best processed as linear or 
branched chains that are not interconnected and hence 
allow melt-processing (e.g., molding) or solution appli 
cation such as coating. Products made of such poly 
mers, denoted as thermoplastics are affected by heat 
and solvents. Also upon application of stress, these 
materials gradually flow and change dimensions, a phe 
nomenon known as creep. Hence, for many it is desired 
to convert the thermoplastic polymer in its final shape 
into a thermosetting polymer by forming inter-chain 
chemical bonding. Such polymers can no longer un 
dergo melting or dissolution and are free from creep. 
Formation of interchain bonds in polymeric material 
(crosslinking) occurs during curing or drying. This 
process can be effected by heat-activated reactions, by 
UV or ionizing radiation or by chemical modifiers, each 
having drawbacks. The inventors have discovered that 
the disclosed methods involving glow discharge and 
which do not involve heat processing, will not impose 
dimensional changes or thermal stresses in cross-linked 
polymers. There is no health risk or hazard as is associ 
ated with ionizing or UV radiation. Additionally, the 
diffusion limitation encountered in chemical modifica 
tion methods is not present. 
5,357,015 
7 
Extremely rapid curing, often in minutes, is achieved 
with an electric field discharge method. This involves 
an intense direct current (DC) electric field across the 
polymer, the electric field being produced by a corona 
discharge. The method works for all types of condensa 
tion polymers. Polymethylsiloxane films are cured by 
casting over a rigid surface that will act as an electrode. 
A strong DC electric field is generated near the poly 
mer without arcing. Normally, polymethylsiloxane pol 
ymers do not conduct current, but large fields applied 
to the bulk polymer generate currents on the order of 10 
umps. Applied to a 10 um freshly cast polymethylsilox 
ane film, such a current completes the curing of the film 
in several minutes, contrasted with 2-3 hrs at 70° C. 
under normal atmospheric conditions. This method of 
glow discharge illustrates the principle of applying an 
electric field across the bulk polymer during polymeri 
zation. Ion migration generates the observed current 
which can be varied with the field applied to alter poly 
mer surface properties such as hydrophilicity. Varia 
tions in field intensity, intermittent glow discharge or 
similar changes could be made. 
Regardless of the forming procedures used prior to 
curing the polymer, fibers, films or shaped articles 
formed by the methods herein can be cured free of 
cracks or fractures. Films are particularly useful for 
many purposes, including optical use. Siloxane films are 
best hydrolyzed/polymerized at room temperature or 
below and generally would not be amenable to rapid 
curing by glow discharge. Siloxane films prepared by 
spin-casting polymerized trimethoxysilane are optically 
clear and virtually identical to SiO2 glasses after curing 
and oxidation. While glow discharge may not be desir 
able for acceleration of curing in these films, it could be 
used to alter surface properties to enhance hydrophilic 
ity. Thus multilayers of these films could be more easily 
fabricated with less "gliding'. 
Preparation of the Supports 
Glass supports were coated with indium tin oxide 
(ITO) which was connected io the ground pole of a 
corona circuit. 
Metallic supports were typically 1" disks of copper 
(sometimes gold-coated) or aluminum, polished and/or 
cleaned with organic solvent. In some cases aluminum 
disks could be briefly exposed to aqueous base (NaOH 
or KOH) to improve the adhesion of the polymer to the 
support. 
Set-Up 
The hydrolysis and polymerization were carried out 
using the experimental set-up schematically described in 
FIG. 1. The process "reactor” can be a disposable vial 
(1-4 drams) equipped with a screw-cap. Temperature 
control and the stirring of reactants were maintained by 
a water-bath/stirrer-hot-plate assembly and a magnetic 
bar in the reaction vial. As a safety precaution necessi 
tated by the occasional splashing during vigorous reac 
tion of the alkoxy monomers at elevated temperatures, 
the reactions were started with tightened screw-cap 
which was gradually released after ca. 240s (cf. FIG. 1) 
to allow evaporation of volatile products. 
Monitoring Polymerization and Casting 
The progress of the hydrolysis reaction was moni 
tored gravimetrically by recording the weight-loss of 
the reaction mixture following the distillation-out of the 
alcohol produced therefrom (see FIG. 2). The propaga 
tion of the condensation-polymerization was monitored 













the alcohol boiling out from the viscous polymerizing 
solution. 
Films were spin-cast on the support using a spin 
coater (Headway Research, Model 2-EC101-R485). 
The pretreated support was attached to the spinner 
chuck. At the appropriate stage of condensation, the 
polysiloxane viscous liquid was poured onto the sup 
port, sup-cast for 240s at ca. 1000 RPM. The samples 
were left to cure until the surface was no longer sticky. 
Typical curing duration in the absence of a corona 
discharge was a few hours (at 60-70° C.) or a few days 
(at room temperature, ~50% relative humidity). Alter 
natively, the film or substrate was placed in the appara 
tus illustrated in FIG. 4 and exposed to the corona or 
glow discharge. 
Determination of Film Thickness 
The thickness of the dry films incorporating chromo 
phoric material was calculated from the measured ab 
sorbance of the dye in the glass, the extinction coeffici 
ent, the dye concentration and the density of the glass 
film (measured to be ca. 1.3 g/cm3). Direct measure 
ments were carried out with an Inverted-Stage Epi 
fluorescent Video Microscope (Leitz Fluovert; Rock 
leigh, N.J.). 
Spectroscopy 
Spectral measurements of chromophore molecules 
were carried out either on supported glass thin-films 
embodying them or on solutions. Aluminum slabs were 
used as support for the films subjected to corona glow 
discharge. Ultraviolet-visible absorption spectra were 
recorded on HP-8481A Diode Array Spectrophotome 
ter. Fluorescence spectra were recorded on a SPEX 
Fluorolog with a 450-W Xenon lamp and a TE-177-RF 
photomultiplier (Products for Research, Inc.). 
EXAMPLE 1. 
Preparation of Polymethylsiloxane Glass Films 
One g of methyltrimethoxysilane was heated to 80 
C. with 0.2 g water containing 102M HCl (monomer 
to water molar ratio of 1:1.5) in a vessel equipped with 
stirrer and temperature control, as shown in FIG. 1. 
Phase merging of the reactants occurred in less than 5 
sec. The progress of the hydrolysis was monitored 
gravimetrically by recording the weight-loss of the 
reaction mixture as methanol produced by the reaction 
was distilled out of the solution. The methanol evapora 
tion leveled off after about 5 min and the viscous mix 
ture, having lost about 550 mg methanol, was spun cast 
onto a glass support precleaned as described under 
Materials and Methods. Spin-casting was performed as 
described under Polymerization and Casting, at 1000 
rpm for 240 sec. The cast film was allowed to cure at 
70’ C. until the surface was no longer tacky, about 2-3 
hr. Films were typically 10-25 plm but were obtainable 
up to 100 um by tuning viscosity of the cast gel and/or 
the spinning rate during casting of the film. 
The film was crack-free and optically clear with the 
exception of methyl group absorption in the 2800-3200 
cm region of the spectrum. The FTIR spectrum is 
shown in FIG. 2. 
FIG.3 shows the time course of methanol loss during 
the hydrolysis/polymerization run at 70-74 C. The 




Electric Field Curing of Sol-Gel Films 
Sol-gel films were prepared as described in Example 
1 using methyltrimethoxysilane monomer except that 
the films were spin-cast onto a metal disk (either alumi 
num, copper or gold-coated copper) that had been pol 
ished or cleaned. Accelerated curing was induced by 
application of a high direct current voltage across the 
polymer bulk, using glow discharge from a high voltage 
electrode mounted above the polymer surface. 
The set-up used for glow discharge curing of gels and 
gel-embodied molecules is shown in FIG. 4. The high 
voltage power supply used was a “DC High Voltage 
Insulation Tester' (Lanagan & Hoke, Inc.) capable of 
supplying up to 15 kV and 500 A. A Glassman power 
supply was also employed for this purpose. Gel samples, 
freshly cast on a metallic support, FIG. 5, were placed 
on the lower flat electrode. The center tip-electrode 
was placed at a distance of 2 cm above the gel. The high 
Voltage was applied gradually until reaching the maxi 
mum allowable value without producing arcing. The 
glow discharge was continued until the surface of the 
gel appeared cured, as manifested by loss of gloss. 
Table 1 shows the results of glow discharge curing on 
polymethylsiloxane films prepared with various MR. 
Gel films were observed to dry and harden in excep 
tionally short periods of time. Less than 20 min was 
required for the water-rich recipes (water to siloxane 
molar-ratio, MR=2) while less than 90 min was re 
quired for stoichiometric recipes of MR=1.5. By com 
parison, curing at room temperature without glow dis 
charge required from 8 to 96 hours. Thus the glow 
discharge accelerated the curing by a factor of 24 to 64 










curing is not limited by the electrolyte ions contained in 
the film. 
Additional glow discharge experiments were carried 
out using low water-to-siloxane ratios (1.35) and much 
higher molarity of acid (0.3M, as compared with the 
0.01M typically used. The current observed during 
glow discharge curing was <0.5 LA, with curing com 
plete within 20-30 min., indicating that water content 
role is a major factor in accelerating the curing and the 
observed current. 
EXAMPLE 3 
Effect of Curing Method on Film Surface Properties 
Film surface properties were found to depend on the 
method of curing. Surfaces of polymethylsiloxane films 
cured at ambient conditions were hydrophobic. In con 
trast, films cured by the corona-discharge, such as the 
films shown in Example 2 (Table 3) and Example 7 
(Table 6) had hydrophilic surfaces, as indicated by 
much lower contact angles. The hydrophilicity was 
most clearly observed in films prepared at super-stoichi 
ometric recipes of MR) = 1.65. There is a slight de 
crease in contact angle for MRC1.5 stoichiometric 
ratios. This may be attributed to a small degree of phase 
separation which was observed on top of the gel as 
nonhydrolyzed species produced by disproportionation 
reactions are expelled from the gel. This layer is me 
thoxyl-rich and eventually undergoes slow hydrolysis 
and condensation to yield the more hydrophobic layer. 
EXAMPLE 4 
Effect of Glow Discharge Curing on Binding of Guest 
Molecules 
Siloxane-bound chromophore model compounds car 
rying amino groups were prepared using chlorotrime 
Curing Time and Surface Properties of 
Glow Discharge Cured Sol-Gel Films 
H2O/MTMS Voltage-Current-Time Glow Discharge Contract 
Molar Curing Sequence Curing Time Angle 
Ratio (a) (kV-LA-min) (b) (min) (averdeg) 
2.25 10-12-2; 12-12.5-2; 13-15-2; 14-18-2; <20 6 - 5 
14.5-15-4; 15-18-8 (<16 h) (79 - 2) 
2.0 10-2-1; 2-2-1; 13-3-1; 14-4-2; 20 71.4 
14.5-8-2; 15-8-13 (~ 16 h) (78 - 1) 
1.8 10-1-0.5; 12-3-1; 13-4-1.5; 13.5-6-4; 20 50 - 16 
14-10-4; 14.5-9-2: 15-12-7 
18 10-10-0.5; 12-10-0.5; 13-10-0.5; 14-13-0.5; 60 72 1 
14.5-14-3; 14-0-13; 14.5-10-40 (-32 h) (67 + 2) 
1.65 12-12-1; 14-12-1; 14.5-14-28; 14.5-12-30 60 71 
(-48 h) (70 - 3) 
1.5 12-11-0.5; 14-12-0.5; 14.3-13-59; 60 70 - 1 
(>96 h) (65 - 3) 
1.4 12-9-0.5; 14-12-0.5; 14.3-11-59; 14.3-8-30; >90 489 
(-96 h) (66 - 4) 
Value in ( ) is the time required to cure at room temperature without the glow discharge curing. 
As shown in Table 1, a high electric current on the 
order of 10-20 LA was observed. Calculations of the 
charge (Q) involved in electric field curing of the sol 
gel were made and compared with the overall charge of 
the electrolyte ions in the gel-film (Q2) (1" x 1' of typi 
cal thickness 10 p.m., d 1.3 g/cm: 
Q = 20x60x15 A=18 m.cb 
Q2=6.25x0.001 x 1.3 gx(2.25x18)/67x0.01/1000 
mole/gx96,500=4.7 mCb 
The two overall charges are the same order of magni 
tude, yet Q1 is more than three times larger. This dem 
onstrates that the charge passed during electric field 
thylsilane, Table 2. Absorbance and fluorescence were 
measured and used to follow the formation of the Si 
60 chromophore bonds: 
65 
ti Me3SiCl--H2NAr-Me3SiNHAr--HCI 
where H2NAr is p-nitroaniline. Typical spectra of PNA 
show a substantial red shift of both absorbance and 
fluorescence maxima upon binding of the amino donor 
acceptor molecule to Si monomer. PMSO encaging 
5,357,015 
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under acid catalysis alone resulted in a blue shift of the 
entrapped chromophores. This shift is typical of an 
unreacted amino species that is associated with HCl. 
The spectral properties compiled in Table 2 demon 
strate that a mixture of bound or protected arylamines 





Photophysical studies were performed on the non 
binding donor-acceptor chromophore DANS (44 
dimethylamino-stilbene) in glow discharge cured and 
thermally cured PMSO matrices to determine electro 
Absorbance and Fluorescence Data of Free and Bound Chronophores 
Solvent Reagent Absorbance Maxima (nm) Fluorescence Maxima (nm) 
DOS EX. 290 nm. 
CH3CN - 204 260 294 394 
F. HC 196 276 404 
FF Me3SiCl 190 238 wb 294 394 413 
w Me3SiC) -- 1 h 190 238 wb 413 452 
FA Me3SiCl + 3 h 190 238 v. wb 413 483 
PMSO sSiOMe 202 260 337 414 
2 days 
p-nitroaniline EX. 320 mm 
CH3CN - 228 wb 360-366 sb 377 sb, 416sh 501 sh 
f HCl 228 v. wb 360-366 wb 377 SS 393 SS 412 SS 501 sh 
ff Me3SiCl 252 ws 364 wb 42S 459 
FF Me3SiCl + 1 h 
f Me3SiCl -- 3 h 381 403 422 448 
PMSO seSiOMe 192 222 364 380 415 460 sh 
2 days 196 226 366 390 460 sh 






In thermally annealed PMSO the major change in the 
fluorescence of the entrapped DA molecules was a 
spectral shift. In the first few days of annealing at 65 C., 
the peak shifted to the blue. After prolonged annealing 
(about 50 days), a small yet distinguishable red-shift was 
observed indicating chemical binding of the entrapped 
DA molecule to the matrix. The shifting of the fluores 
cence to the blue as well as to the red suggested a mix 
ture of species, partly bound to the matrix to a variety of 
degrees and partly protonated. 
The relatively large fluorescence red-shift of the do- 40 
nor-acceptor molecules in glow discharge cured PMSO 
(90 min curing at room temperature) indicated substan 
tial chemical binding. Shifting of the fluorescence far to 
the red indicated a substantial number of the molecules 
had undergone more than one binding reaction. En- 45 
hanced binding may be attributed to the sweeping of 
H ions from already formed Si-NH bonds to other 
sites of reaction: 
35 
50 
eSi-OH2+ + H2N-Ar ----Ge. 
lyte correlation with water removal during curing. 
Fluorescence of DANS Entrapped in Cured PMSO 
Matrices 
The fluorescence spectra of DANS (4,4-dime 
thylamino-stilbene) entrapped in thermally cured and 
glow discharge cured PMSO matrices prepared from 
water-rich and water-like recipes were determined. The 
fluorescence maxima of the protonated and non 
protonated DNAS species is separated by about 180 nm 
at 597–611 and 416-418 nm respectively. DANS in 
thermally cured PMSO is almost completely proton 
ated. In the glow discharge cured and water-lean 
PMSO samples prepared at the same DANS-HCl mo 
lar-ratio, peaks of both protonated and free DNAS 
molecules are found. When water-rich recipe is glow 
discharge cured, a strong fluorescence peak of the free 
DANS was found, while in the region of the protonated 
species only a small shoulder remained. 
EXAMPLE 6 
The following examples illustrate modification of a 
polymer film surface by exposure to the corona field. 
=si-NH-Ar + Hyo-Glow discharge FIELD e 
Typical recipes for preparing PMSO films loaded with 55 
amino chromophores are shown in Table 3. 
TABLE 3 
An organosiloxane sol is prepared by combining 1.0 g 
of methyltrimethoxysilane and 0.02 g of 1,8- 
diaminonaphthalene with 0.3 g of a 0.01M aqueous 
solution of hydrogen chloride and stirring for 5 min at 
Typical Sol-Gel PMSO Recipes Loaded with Amino-Chromophores' 
Water/PMSO Add. Solvent Add. 1M HCl 
Chromophored Loading Molar Ratio (% w/w) (% w/w) Remarks 
PNA 35 2: - 4. 
PNA 150 2:1 CH3CN; 30 12 Solidifies as cast. 
DANS 10 2:1 - 4. 
% loading respective to the sole composition. In brackets are the loadings in the final glass. 
Water containing 10 MHC1. 
mg of chronophore/gsilane 
PNA = p-nitroaniline; DANS = 4,4'-dimethylamino-stilbene 
5,357,015 
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80 C. The sol is poured on a 1 inch diameter polished 
aluminum disk and spun at 1000 rpm for 1 min. The 
organosiloxane sol thin-film is cured using a corona 
discharge of 10 microamperes and 4000 V in approxi 
mately 25 min. 
After curing, the surface of the sol-gel films had a 
dark luster and was electrically conducting. This sur 
face film can be removed by light abrasion, leaving a 
nonconducting surface. The known ability of 1,8- 
diaminonaphthalene to oxidatively couple to form a 
conducting polymer suggested that the corona dis 
charge field had oxidatively coupled surface 1,8- 
diaminonaphthalene moieties. 
EXAMPLE 7 
An organosiloxane sol was prepared by combining 
1.5 g of methyltrimethoxysilane with 0.3 g of a 0.01M 
aqueous solution of hydrogen chloride and stirring for 
ca. 5 min at 80°C. The exact point at which the solution 
is cast can be determined based on the weight loss due 
to distillation out of volatile methanol product. The sol 
was poured on a 1 inch diameter polished aluminum 
disk and spun at 1000 rpm for 1 min. The contact angle 
of water on the final film can be measured. The lower 
the contact angle, the more hydrophilic the surface. 
The value of the contact angle is influenced by the 
H2O:MTMS ratio, the period of time the film is cured 
by the corona, and by the weight loss at the point of 
curing, see Table 4. Furthermore the exact position of 
the film surface with respect to the corona field tip is 
important. 
EXAMPLE 8 
Examples of Corona Discharge Method to Polysiloxane 
Glasses 
An organosiloxane sol was prepared by combining 
1.5 grams of methyltrimethoxysilane with 0.3 grams of 
0.01M aqueous solution of hydrogen chloride and stir 
ring for 5 minutes at 80° C. The sol was poured on a 1 
inch diameter polished aluminum disk and spun at 1000 
revolutions per minute for 1 minute. 
The organosiloxane sol thin-film was cured using a 
corona discharge of 10 microamperes and 4000 volts in 
approximately 25 minutes. An infrared thermocouple 
was used to verify that there was no increase in temper 
ature as a result of the corona discharge. A sol prepared 
with the above composition required 8 hours in a 75 C. 
oven or in 24 hours at ambient temperature for curing 
without the corona discharge. 
An organosiloxane sol was prepared by combining 
1.5 g of phenyltrimethoxysilane with 0.2 g of 0.01M 
hydrogen chloride solution and stirring for 10 minutes 
at 85°C. The sol was poured on a 1 inch diameter pol 
ished aluminum disk and spun at 1000 revolutions per 
minute for 1 min. 
The organosiloxane sol thin-film was cured using a 
corona discharge of 10 microamperes and 4000 volts in 
approximately 15 min. A sol prepared with the above 
composition cured after being placed in a 75 C. oven 
for 24 hours and allowed to cool below the glass transi 
tion temperature. A sol prepared with the above com 
position cured in approximately one week at ambient 
temperature. 
EXAMPLE 9 
Cross-Linking of Polymers by Corona Discharge 
A crosslinked polymer blend was prepared by com 












with 0.4 g of polyallylamine.hydrochloride (PIAA) in 
0.3 g of water and stirring for 15 minutes at ambient 
temperature. The polymer solution was poured in a 1 
inch diameter polished aluminum disk and spun at 1000 
revolutions per minute for 1 min. 
The polymer thin-film was crosslinked using a corona 
discharge of 20 microamperes and 4500 volts in approx 
imately 30 minutes. The polymer thin-film swelled 
without dissolving in both hot and cold water. A poly 
mer thin-film prepared with the above composition 
cured at 75 C. for 24 hours also swelled without dis 
solving in both hot and cold water. 
A crosslinked polymer blend was prepared by com 
bining 0.3 g of polymethacrylic acid (PAA) in 1 g of 
ethanol with 0.1 g of polyvinylphenol (PVPh) in 0.2g 
of ethanol and 0.05 g of p-toluenesulfonic acid and stir 
ring for 15 minutes at ambient temperature. The poly 
mer solution was poured onto a 1 in diameter polished 
aluminum disk and spun at 800 revolutions per minute 
for 1 min. 
The polymer thin-film was crosslinked using a corona 
discharge of 8 microamperes and 4000 volts in approxi 
mately 30 min. The polymer thin-film swelled and par 
tially dissolved in both hot and cold ethanol. A polymer 
thin-film prepared with the above composition and 
cured at 75 C. for 24 hours also swelled and partially 
dissolved in both hot and cold ethanol. 
A cross-linked polymer blend was prepared by com 
bining 0.3 g of polymethacrylic acid (PMA) in 1 g of 
N,N-dimethylformamide with 0.1 g of polyvinylphenol 
(PVPh) in 0.2 g of N,N-dimethylformamide and 0.05g 
of p-toluenesulfonic acid and stirring for 15 min at ambi 
ent temperature. The polymer solution was poured on a 
1 inch diameter polished aluminum disk and spun at 800 
revolutions permin for 1 min. 
The polymer thin-film was crosslinked using a corona 
discharge of 8 microamperes and 4000 volts in approxi 
mately 30 min. The polymer thin-film swelled and par 
tially dissolved in both hot and cold N,N-dimethylfor 
mamide. A polymer thin-film prepared with the above 
composition and cured at 75°C. for 24 hours also 
swelled and partially dissolved in both hot and cold 
N,N-dimethylformamide. 
A cross linked polymer blend was prepared by com 
bining 0.3 g of polymethacrylic acid (PMA) in 1 g of 
N,N-dimethylformamide with 0.33 g of polyhydroxye 
thylmethacrylate (PHEMA) in 1 g of N,N-dimethylfor 
mamide and 0.05 g of p-toluenesulfonic acid and stirring 
for 15 min at ambient temperature. The polymer solu 
tion was poured on a inch diameter polished alumi 
num disk and spun at 800 revolutions permin for 1 min. 
The polymer thin-film was crosslinked using a corona 
discharge of 10 microamperes and 4000 volts in approx 
imately 30 min. The polymer thin-film swelled and 
partially dissolved in both hot and cold N,N-dimethyl 
formamide. 
A crosslinked polymer was prepared by combining 
0.33g of polyhydroxyethylmethacrylate (PHEMA) in 1 
g of dimethylsulfoxide with 0.05 g of p-toluenesulfonic 
acid and stirring for 15 min at ambient temperature. The 
polymer solution was poured onto a 1 in diameter pol 
ished aluminum disk and spun at 1000 revolutions per 
min for 1 min. 
The polymer thin-film was crosslinked using a corona 
discharge of 10 microamperes and 4000 volts in approx 
imately 30 min. The polymer thin-film swelled without 
dissolving in both hot and cold dimethylsulfoxide. A 
5,357,015 
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polymer thin-film prepared with the above composition 
and cured at 75 C. for 24 hours swelled and partially 
dissolved in both hot and cold dimethylsulfoxide. 
EXAMPLE 10 
Small Molecules as Cross-linking Agents for Polymer 
Films Under Influence of Corona Discharge 
A crosslinked polymer was prepared by combining 
0.05 g of 1,4,5,8-naphthalenetetracarboxylic dianhy 
dride (NTA) with 0.4 g of polyallylamine.hydrochlo 
ride (PAIA) in 0.2 g water and stirring for 30 min at 
ambient temperature. The polymer solution was poured 
on a 1 in diameter polished aluminum disk and spun at 
1500 revolutions per min for 1 min. 
The polymer thin-film was crosslinked using a corona 
discharge of 40 microamperes and 6000 volts in approx 
imately 30 min. The polymer thin-film swelled without 
dissolving in both hot and cold water. A polymer thin 
film prepared with the above composition and cured at 
75 C. for 24 hours also swelled without dissolving in 
both hot and cold water. Diffuse reflectance Fourier 
transform infrared spectroscopy revealed peaks at 1695 
cm 1 on both polymer thin-films, indicative of imide 
formation (FIG. 7). 
A crosslinked polymer was prepared by combining 
0.05 g of 4,4'-diaminodiphenyl ether (ODA) with 0.33g 
of polyacrylic acid (PAA) in 1 g of water and stirring 
for 30 min at ambient temperature. The polymer solu 
tion was poured on a 1 in diameter polished aluminum 
disk and spun at 100 revolutions per min for 1 min. 
The polymer thin-film was crosslinked using a corona 
discharge of 20 microamperes and 5000 volts in approx 
imately 30 min. The polymer thin-film swelled without 





Poly(chloromethylstyrene), a polymer used for elec 
tron-beam resists, does not cross-link when subjected to 
corona discharge curing. This demonstrates that the 
reaction in the corona field is not a variant of radiation 
curing. Additionally, a polyamic resin that requires a 
high temperature to undergo a ring-closure reaction to 
the polyimide has been shown not to be enhanced by 
10 the corona field, which demonstrates that no local heat 
ing of the film occurs. This was also checked by direct 
thermal measurements of the film temperature during 
the corona field exposure using an infrared device. 
Curing of Polyimide Thin-Films 
A polyimide thin-film was prepared by pouring Du 
Pont Pyralin PI-2545 resin onto a 1 in diameter polished 
aluminum disk and spun at 5000 rpm for 1 min. Two sets 
of polyimide thin-films each with 5 samples were pre 
20 pared by this method. One set of polyamide thin-films 
was cured at various temperatures, ranging from ambi 
ent to 250 C. and were used as control samples. The 
second set of thin-films were cured using a corona dis 
charge of 10 microamperes and 4000 volts for approxi 
25 mately 45 min at various temperatures similar to the 
first set of thin films. 
The two sets of data obtained from the thin-films 
were compared using diffuse reflectance Fourier infra 
red spectroscopy. The spectra of the samples revealed 
30 no difference in the rate of ring closure of samples with 
regard to exposure to the corona discharge. The rate of 
cure of the polyimide thin-films therefore was depen 
dent only on temperature. FIG. 7 is a FTIR spectrum 
comparing results in both poled and unpoled polyimide 
samples as a function of temperature. 
Curing Time and Surface Properties of Electro-Cured Sol-Gil Films 
H2O/MTMS Current Voltage 
Molar Ratio pla kVc 







2.0 10(11) 11 10 
10 
<48 
1.8 10(11) 1. 15 
15 
20 
1.65 10(11) 11 40 
40 
<180 






1.35 10(10) 8 140 
9(9) 11.5 165 
Contact Angle 
av., deg. Remarks 
70 5 
683 
24 7 cast at -500 mg 
68 - 3 
76 - 3 
77 3 
121 - 21 
52 8 cast at -500 mg 
56 6 cast at -475 mg 
35 6 - directly under 
the tip 
76 - 5 
10M HCl in the water as catalyst. All films were cast after monitoring a 525 mg weight loss of methanol (out of a recipe of 1 g 
silane monomer) unless otherwise noted. Poling was carried out under N2. 
value in brackets: limiting current (before arcing starts) 
Initial value. In all current-controlled corona experiments the voltage dropped gradually to a final value about 20% lower than the 
initial voltage. 
time elapsed until the films were no longer sticky. 
weight loss of volatile products (primarily methanol) before spin-casting film. 
5,357,015 
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However, the weight-loss of the spun-cast PI-2545 
resin after room temperature corona treatment was 
almost the same as resulted form 250 C. thermal curing. 
The material appeared very similar to a fully cured film. 
This was a result of removal of the supporting solventin 
the resin mixture and is an example of removal of vola 
tile components at room temperature via the corona 
discharge method. 
The present invention has been described in terms of 
particular embodiments found by the inventors to com 
prise preferred modes of practice of the invention. It 
will be appreciated by those of skill in the art that in 
light of the present disclosure numerous modifications 
and changes can be made in the particular embodiments 
exemplified without departing from the intended scope 
of the invention. For example, a wide variety of mole 
cules may be incorporated into the aforedescribed films, 
including electrochemically active species, species of 
polar molecules oriented to produce nonlinear optical 
devices, and optical waveguides. All such modifications 
are intended to be included within the scope of the 
claims. 
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What is claimed is: 
1. A method of accelerated curing of an organosilox 
ane sol-gel film, comprising applying a high voltage 
direct current electric field across the film bulk wherein 
said voltage is between about 4 to about 12 Kv to pro 
vide a current between about 0.5 to about 40 pamps. 
2. The method of claim 1 wherein the electric field is 
produced by a corona discharge from a wire tip, paral 
lel wires, or array of parallel wires. 
3. The method of claim 2 wherein the electric field 
produced is between about 1 to about 5 cm from the 
surface of the film. 
4. The method of claim 1 wherein the curing is at 
room temperature. 
5. The method of claim 1 wherein the curing is at 
about 22 C.-25 C. 
6. The method of claim 1 further comprising admix 
ing a guest molecule with an organosiloxane polymer 
precurser prior to forming the polymer sol-gel film. 
7. The method of claim 6 wherein the guest molecule 
is a dye which lases when incorporated into the poly 
mer, said dye being selected from a group consisting of 
Rhodamine 6G, Pyridin-1, and Coumarin 153. 
8. The method of claim 6 wherein the guest molecule 
is 4,4'-diaminodiphenyl sulfone, 4,4'-aminonitro 
azodiphenyl or 4,4'-diaminonitrostilbene. 
9. The method of claim 6 wherein the guest molecule 
has nonlinear optical activity and is p-nitroaniline or 
4,4'-dimethyl amino stilbene. 
10. A method of producing a hydrophilic surface on 
an organosiloxane sol-gel film, comprising: 
admixing an organosiloxane polymer precursor and 
water to form a sol-gel wherein water to polymer 
ratio is between about 1.35 to about 2.5; 
casting the sol-gel after a volatile product weight loss 
of about 47-53% of original weight to form a sol 
gel film; and 
curing said sol-gel film by the method of claim 1 
wherein the electrical field voltage is between 
about 8 to about 11.5 kV. 
11. The method of claim 10 wherein the contact angle 
of water on the sol-gel surface is about 24 to 121. 
12. A hydrophilic organosiloxane sol-gel film pre 
pared by the method of claim 10. 
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